Lipopolysaccharides extracted from Pseudomonas aeruginosa strain K799 and its antibiotic-supersusceptible derivative Z61 were analyzed chemically and chromatographically. The side-chain polysaccharides purified by gel exclusion chromatography were compositionally identical, being composed of fucosamine (2-amino-2,6-dideoxygalactose), quinovosamine (2-amino-2,6-dideoxyglucose), and an unidentified amino sugar. In addition, low amounts of the core-specific components (glucose, rhamnose, alanine, and galactosamine) were found associated with the side chains from both strains. In the preceding paper (1), we provided evidence that the basis of the generally enhanced susceptibility to antibiotics of mutant Z61, when compared with its progenitor strain K799, was a more permeable outer membrane. In particular, the outer membrane of strain Z61 was more permeable to the hydrophilic antibiotic nitrocefin (1) and to other P-lactams (41), despite an apparently unaltered porin protein F, an outer membrane protein shown to form water-filled channels in model membrane systems (2a, 14). Indirect evidence was provided that mutant Z61 had an unspecified lipopolysaccharide (LPS) alteration (1). To gain further information regarding the mutation present in strain Z61, we characterized the LPS alteration in greater depth. Due to the rather complex method used to isolate mutant Z61 (41), we prepared a series of spontaneous revertants (1). Full revertants were isolated which were indistinguishable from the wild-type strain K799 in a wide variety of properties (1), including some LPS properties (see below). This suggests that Z61 and K799 differ by a single major mutation which is responsible for the antibiotic susceptibility and permeability differences between the strains as well as the 310
biochemical changes described in this paper. Thus, in the experiments reported below, K799 LPS was directly compared with Z61 LPS.
MATERIALS AND METHODS
Bacterial strains. The bacterial strains used, P. aeruginosa K799, Z61 and its revertants, and H103 of 0-5 serotype (4), were described in the preceding paper (1) . Cultures were maintained at -70°C in broth containing 7.7% (vol/vol) dimethyl sulfoxide.
Medium and cell growth conditions. Cells were grown at 37°C with vigorous aeration in carboys containing 15 liters of TSY broth. This medium contained 30 g of tryptic soy broth (Difco Laboratories) and 5 g of yeast extract (Difco) per liter of distilled water. Cells were harvested by centrifugation when the cultures reached late log to early stationary phase, and the cell pellets were lyophilized to yield about 35 g (dry weight).
LPS extraction. LPS was extracted from the dried cells by the hot aqueous phenol procedure of Westphal and Jann (32) . The aqueous layers were extracted twice with one-half volume of ethyl ether to remove residual phenol (27) and then centrifuged for 1 h at 20,000 x g to sediment peptidoglycan (24) . The supernatants were centrifuged at 100,000 x g for 3.5 h, and the LPS pellets were suspended in distilled water, centrifuged as before, and then lyophilized to yield about 300 mg. The above methodology overcame the problem of low yields of LPS observed for mutant Z61 and partial revertants encountered by using a different procedure (15) .
LPS extracted from the wild-type cells was found to contain high levels of material, presumably RNA, absorbing at 260 nm. K799 LPS (120 mg) was dissolved in 80 ml of 0.05 M Tris-hydrochloride, pH 7.5, and digested for 3 h at 37°C with 50 ,ug of RNase A per ml (Sigma Chemical Co., St. Louis, Mo.). The LPS was recovered by ultracentrifugation and washed with distilled water before lyophilizing to yield 110 mg.
LPS hydrolysis and isolation of Upid A. LPS preparations (100 mg) were hydrolyzed in 1% (vol/vol) acetic acid for 90 min at 100°C. The hydrolysates were then chilled on ice and centrifuged at 10,000 x g for 10 min. The pellets containing crude lipid A were washed with 3.5 ml of 0.05 M pyridinium acetate buffer (pH 5.3) and lyophilized. Before further analysis, these preparations were suspended in 5 ml of distilled water, sonicated briefly, centrifuged, and then dried in vacuo. All preparations were stored in vacuo over phosphorus pentoxide.
Column chromatography of polysaccharide fractions. The degraded polysaccharide fractions derived from LPS by acetic acid hydrolysis (see above) were dissolved in 0.05 M pyridinium acetate buffer, pH 5.3, chilled on ice, and centrifuged for 5 min at 10,000 x g to remove insoluble material. The supernatant was lyophilized and, before column chromatography, redissolved in 1.5 ml of buffer. This material was applied to a column (2.5 by x 85 cm) containing Sephadex G-50 (medium), and 1.5-ml fractions were collected and monitored for hexose (9) and hexosamine (22) as described previously (25) .
Fatty acid analysis. Samples (1 to 3 mg) were hydrolyzed in screw-capped tubes in the presence of 1 ml of GLC analysis for neutral sugars. LPS (1 mg) was hydrolyzed, under nitrogen, in 0.6 ml of 1 M HCI for 4 h at 100°C. Internal standard (myoinositol; 100 ,ug) and 1.5 ml of distilled water were added to each sample before drying in vacuo. The residue was taken up in 0.2 ml of water and passed through a small column containing Dowex 1 (formate) and Dowex 50 (H+). The resin was then washed sequentially with 0.6 ml of water and 0.8 ml of methanol-water (1:1, vol/vol). The eluants were pooled and lyophilized. The neutral sugar residue was dissolved in 0.2 ml of sodium borohydride (10 mg/ml in 0.1 M NH40H) and left at room temperature for 1 h, acidified with 0.05 ml of acetic acid, and dried in vacuo. This residue was extracted thrice with 0.25 ml of methanolic HCI (5:0.01, vol/vol) and three times with methanol to remove boric acid. The reduced sugars were then acetylated in pyridine-acetic anhydride (1:1, vol/vol) for 30 min at 100°C; these reagents were then removed in vacuo and the alditol acetates were dissolved in 0.05 ml of gas-liquid chromatography (GLC)-grade chloroform. Samples ( Calif.) was used as the tracking dye. Samples (0.02 ml) were applied to wells in a slab gel apparatus ( Staining Pseudomonas LPS on gels. The gels were fixed, at room temperature for 1 h, in a fresh solution of 0.5% (wt/vol) phosphotungstic acid (Sigma) in 2 M HCI. They were then briefly rinsed in tap water and placed in a 0.2% (wt/vol) solution of Coomassie brilliant blue R250 in 509o (vol/vol) methanol-7% (vol/vol) glacial acetic acid. After staining overnight, the gels were briefly destained in 10% (vol/vol) methanol-14% (vollvol) acetic acid.
RESULTS
Comparison of the LPS of Mutant Z61 and its revertants with the wild-type strain K799. We wished to establish a rapid, sensitive, and convenient qualitative method for studying the neutral sugar composition of the LPS of the various strains. The Dische cysteine-sulfuric acid method (2) , and the related Wright and Rebers method (38) , have been used for the qualitative and quantitative determination of hexoses, phosphorylated hexoses, methyl pentoses, pentoses, deoxypentoses, hexuronic acids, aldoheptoses, and ketoheptoses by measurement of adsorbance at different wavelengths. Therefore, we examined the LPS of our strains by this method (Fig. 1) . The wild-type strains K799 and H103 and the full revertants H251, H252, and H253 gave almost identical products as revealed by wavelength scans between optical densities at 560 and 370 (see result for K799, Fig. 1 ). This strongly suggested that these strains had extremely similar neutral sugar compositions. In contrast, the profiles of these wavelength scans were substantially altered for the antibiotic-supersusceptible mutant Z61 and its partial revertants H254 and H257. Another clear difference we observed was that the amount of background color produced by H2SO4 hydrolysis of the LPS of mutant Z61 was considerably less than that produced from the wild-type strain K799 and the other strains noted above. Hydrolysis of the LPS of the partial revertants gave intermediate background adsorbances. Since we could find no qualitative or quantitative differences between K799 and the full revertants, by using a large range of criteria, we decided to use the LPS of the wild-type strain K799 as the basis for comparison with mutant Z61 LPS.
Isolation of LPS from strains K799 and Z61. LPS was extracted from both strains by using hot aqueous phenol (32) in approximately 1% yields by weight. Upon ultracentrifugation, all preparations of mutant Z61 LPS formed firm pellets which were considerably more difficult to resuspend in water than those obtained with wild-type K799 LPS. As estimated by absorbance at 260 nm, Z61 LPS contained 6.1% (by weight) nucleic acid, whereas K799 LPS contained over 40%. This high level of nucleic acid contamination was reduced to 1.6% by digestion with RNase. It should be noted that these values obtained by UV absorbance are an overestimate since they were not supported by the expected levels of ribose in the neutral sugar analyses by GLC.
Isolation of lipid A and polysaccharide fractions. Hydrolysis of the LPS preparations in The results for the two polysaccharide preparations were superficially similar in that both gave rise to three subfractions (Fig. 2) . Fraction I eluted just after blue dextran (i.e., V0) and was particularly high in hexosamine. This high-molecular-weight fraction, by analogy with other studies on Pseudomonas LPS (14, 21, 29, 30) represented the 0-antigenic side-chain polysaccharide with the attached core. The second peak (fraction II), which had higher levels of hexose than hexosamine, corresponded to the core oligosaccharide (21, 25, 34, 35) . It should be noted that both preparations showed some heterogeneity in this region, with two peaks of ElsonMorgan-reactive material being noted (fractions IIA and IIB). Only fraction IIB was analyzed further (see below). Fraction III material had been previously shown to contain hydrolysis products such as KDO, ethanolamine, and phosphorylated derivatives of the latter (7) and was not studied further. Although we noted no differences in the chromatographic properties of fraction I material from the two strains, fraction IIB oligosaccharide from the mutant strain showed two changes. The peak material was shifted by approximately 20 fractions to a lower molecular weight, and there was a change in the hexose/ hexosamine ratio. In addition, there was an increased amount of fraction III materials in the degraded polysaccharide of strain Z61. These three observations suggested the existence of an altered rough core in a portion of the LPS of the mutant strain. Since fraction III material represented degraded LPS (7, 34) , it was not studied in detail.
Fatty acid analysis of whole cells, LPS and lipid A. LPS and lipid A fraction were assayed for fatty acid methyl esters after hydrolysis in 2 M methanolic HCI. The LPS from these two organisms contained the five fatty acids commonly found in the LPS of P. aeruginosa strains (34): dodecanoic acid, 3-hydroxydecanoic acid, 2-and 3-hydroxydodecanoic acid, and hexadecanoic acid ( ) and hexosamine (absorbancy at 530 nm; ---). The void volume (VO) was determined by using blue dextran. but significant (P < 0.1 by the Student t test) reductions in the amounts of dodecanoic acid and hexadecanoic acid in whole cells of mutant Z61 compared with the wild type, K799. The magnitudes of these reductions were similar to those observed for LPS and lipid A (when one takes into account that hexadecanoic acid is a major fatty acid of phospholipids [12] ). The levels of each of the seven major fatty acid peaks in the full revertants were not significantly different (P > 0.5) from the amounts in K799 (Table 1) , whereas partial revertants showed intermediate phenotypes.
Infrared spectra of lipid A samples from the two organisms were superimposable with the exception that the absorbance at 805 cm-' and 1,260 cm-1 was much reduced in the mutant Z61 spectrum.
TLC. No differences were observed in the number of UV-adsorbing, ninhydrin-positive or diphenylamine-reactive components on TLC plates when we used the techniques described in Materials and Methods. LPS from the mutant strain showed qualitatively less glucose and rhamnose, which was confirmed subsequently by GLC (see below). In addition, we found no evidence for 4-aminoarabinose in these strains.
Analysis of core oligosaccharide fractions. The core oligosaccharide fractions (IIB) contained glucose, rhamnose, heptose, galactosamine, and alanine as indicated by GLC and automated amino acid analyses (Table 2 ). In addition, there was evidence for trace amounts of ethanolamine phosphate along with high levels of phosphorus ( Table 2) . Mutant strain Z61, but not wild-type strain K799, LPS contained low levels of ribose. Core oligosaccharide from the mutant strain had 4-fold less glucose and 11-fold less rhamnose than the corresponding fraction from K799 LPS. On the other hand, it had higher levels of heptose, phosphorus, alanine, and galactosamine. This would be expected for a rough core. The core from the wild-type strain had glucose, rhamnose, heptose, and galactosamine in a molar ratio of 4:1:2:1; the ratio for the mutant strain was approximately 1:0:2:1.
Fraction IIA and B material from strain Z61 also possessed the brownish coloration of the lipid A preparations, whereas the side-chain polysaccharide material from this strain was, like that of K799, white.
Infrared spectra of both preparations showed no additional bands, but Z61 fraction IIB exhibited a decrease in the 1,050/920 cm-' absorbance ratio. This change closely mimicked the analogous changes observed with the rough mutants of strain PAO (A. M. Kropinski, unpublished data).
Chemical analysis of side chain. Hydrolysis of both LPS preparations and analysis of the amino compounds with an amino acid analyzer indicated that both Z61 and K799 LPS contained glucosamine, glucosamine phosphate, fucosamine, quinovosamine, and galactosamine (Table 2 ). In addition, an unknown material was observed which eluted just before the ammonia peak. The side-chain oligosaccharide fractions contained this material (unknown A) along with fucosamine and quinovosamine. In addition, lesser amounts of galactosamine and alanine, together with glucose and rhamnose, were found. The presence of these neutral sugars could have been due to contamination of the side-chain polysaccharides with undegraded LPS or could indicate the presence of core units at the reducing end of the polysaccharide chains. This latter explanation appears the more reasonable, since there was no evidence for the lipid A component glucosamine in these preparations. Of additional interest was the fact that the glucose/rhamnose ratio was 4:1 in both preparations-a value identical to that in the core oligosaccharide from c Unknown A was not 2-amino-2-deoxygalacturonic acid, since the latter compound elutes before glucosamine on an amino acid analyzer (37), whereas unknown A eluted after the hexosamines. In addition, it is unlikely that it was a 4-amino sugar, such as 4-aminoarabinose or 2,4-diamino-2,4,6-trideoxy-D-glucose (33) , since these compounds are highly acid labile. Furthermore the latter compound has a 570/440 absorbance ratio of 2.1:1, whereas unknown A exhibited a 570/440 ratio of 4.8:1. A possible candidate could be 2,3-diamino-2,3-dideoxy-Dglucose (36) , which is more acid stable and is found in the lipid A of certain Pseudomonas strains. In calculations of the concentrations of unknown A, we have assumed a molecular weight of 178 and a response factor equivalent to that of glucosamine.
the wild-type strain. Assuming that the side chains are terminated with normal core regions, then the molecular weight of the side chain can be calculated on the basis of the weight percentage of glucose or rhamnose, assuming four and one residues, respectively. Values of 38 and 50 kilodaltons (Kdal), respectively, were obtained for the side chains of the K799 and Z61 LPS.
The low quantitative recovery of the sidechain material after mild-acetic acid hydrolysis suggested either incomplete release of side chain constituents during hydrolysis or the presence of acid-labile compounds. In addition, this material could have contained other residues, such as acetyl groups, which were not assayed for. The fact that the actual response factor of unknown A in ninhydrin was not known may also have introduced a sizable error in quantitation.
Polyacrylamide gel electrophoresis. LPS from P. aeruginosa PA01 has been shown to be heterogeneous by SDS-polyacrylamide gel electrophoresis (D. Ho, unpublished data). LPS from this bacterium can be resolved into three periodate-Schiff-reactive fractions, one of which corresponds to lipid A-core oligosaccharide (Rform) LPS (3, 4) . Unfortunately, the periodateSchiff procedure is particularly insensitive as a stain for Pseudomonas LPS (5), perhaps due to the low concentrations of vicinal hydroxyls in the side-chain polysaccharides. The recent observation (Kuzio et al., submitted for publication) that PAQ1 LPS can be stained on gels with Coomassie brilliant blue R250 after appropriate pretreatment prompted us to apply this technique to K799 and Z61 LPS. The results (Fig. 3 ) indicated clearly that LPS from these strains, like that of strain PAQ1, was microheterogeneous. For both K799 and Z61 LPS, we observed a series of discrete bands with an interband distance of 1.6 Kdal. In both LPS samples, certain size fractions, namely, those at approximately 55 and 82 Kdal, showed increased staining intensity with minor bands at 66 and 72 Kdal (we have used the molecular weights of standard proteins as our reference points for identifying bands in Fig. 3 ; this is not meant to imply that proteins can be used to estimate the molecular weights of saccharides). We have observed that side-chain polysaccharides from Pseudomonas, unlike that of Alteromonas (5), entered the gels. Again, no major differences were observed between side chains of strains K799 and Z61. The average molecular size of the side-chain polysaccharide bands appeared to be approximately 5 Kdal less than that of the whole LPS.
In addition to the LPS bands and corresponding side-chain polysaccharide bands noted above, K799 and Z61 LPS exhibited bands at 13.5 Kdal, although the intensity of the band from the mutant was reduced. Immediately below this was a turbid area (hatched area in Fig.  3 ) with estimated average molecular sizes of 11.5 (K799) and 10.5 (Z61) Kdal. Based on the mobility of these two turbid areas, we feel that it was these bands which were stained by the Schiff staining procedure used in the preceding paper (1) . The turbid band probably represented the Rform LPS, since the different mobilities of this band with K799 and Z61 LPS reflected both the chemical (Table 2 ) and chromatographic (Fig. 2) properties of the rough cores. Gels of Z61 LPS also had a pink-staining band runningjust behind the tracking dye. The nature of this material is unknown, but it migrated faster than lipid Acore oligosaccharide from AK1012 (21a; Kuzio et al., submitted for publication); a strain with a more defective core than Z61. The only other major difference was the appearance of an intense band in the wild-type strain running ahead of the putative R-form LPS.
DISCUSSION
In the preceding paper (1), we obtained indications that the major biochemical alterations in the antibiotic-supersusceptible mutant strain Z61 compared with its parent strain K799 were probably associated with the LPS. In this study, we have confirmed by chemical analysis that the LPS of strain Z61 has at least one and possibly two alterations. Furthermore, our data, taken overall, favor the hypothesis that it is the different LPS composition of the mutant strain Z61 which gives rise to its antibiotic-supersusceptible phenotype and higher outer membrane permeability (1) .
Both the parental strain K799 and the mutant Z61 appeared smooth on the basis of lack of agglutination in acriflavine (25) , extraction of the LPS by the phenol-water procedure of Westphal and Jann (32) , susceptibility to smooth-specific and resistance to rough-specific phages (1), and the presence of side-chain polysaccharides. The 0-antigenic side chain was unusually rich in amino sugars, two of which were identified by TLC and amino acid analysis as fucosamine (2-amino-2,6-dideoxygalactose) and quinovosamine (2-amino-2,6-dideoxyglucose). In addition, an unknown basic amino compound was also detected in these samples. The occurrence of such compounds in the side-chain region of P. aeruginosa LPS has been noted by several workers (3, 8, 10, 35) .
In addition to the high levels of the abovementioned hexosamines, we have also observed in both K799 and Z61 side chains low levels of core components in the same molar ratios as in the core oligosaccharide of K799. These core components include glucose, rhamnose, galactosamine, alanine, heptose, and phosphorus (Table 2), all of which have been found in the analysis of core regions from other P. aeruginosa strains (8, 33, 35; Kropinski, unpublished data) . The glucose/rhamnose/galactosamine ratio (4:1:1) was also consistent with most previous studies, with some exceptions (23; D. Horton, personal communication). In the side-chain fraction, the absence of glucosamine and glucosamine-phosphate strongly suggested that the presence of core components was not due to undegraded LPS (lipid A) in our preparations. We therefore suggest that this is the first clearcut evidence that the side chains of Pseudomonas strains are terminated with core oligosaccharide units.
The mutant strain, Z61, contained a side chain-linked polysaccharide which was chemically identical to that of the parent. Of particular interest was the existence of glucose and rhamnose in the molar ratio of 4:1. The core oligosaccharide (fraction IIB) from strain Z61, however, possessed a glucose/rhamnose ratio of approximately 10:1. Also noted with both strains was the existence of core heterogeneity, and it is possible that the presence of low amounts of rhamnose in Z61 fraction IIB was due to crosscontamination of the latter with material from fraction IIA. This fraction may represent a complete core containing one side-chain subunit or an alternate core structure. The simplest interpretation based on these analyses is that the antibiotic-supersusceptible mutant Z61 is a leaky rough mutant. It may be that when a complete R-form LPS molecule is synthesized as a result of the leakiness of the mutation in strain Z61, it is capped at a high frequency with side-chain oligosaccharide units. These results are consistent with the qualitative results obtained for strain K799, mutant Z61, and its revertants (Fig. 1) .
The lipid A contained the five fatty acids which have been shown to be commonly found in the LPS from P. aeruginosa strains: 3-hydroxydecanoate, dodecanoate, 2-and 3-hydroxydodecanoate, and hexadecanoate. One of the largest differences between these two strains was the change in the fatty acid content. Although no alterations had occurred in the overall fatty acid concentration, the levels of several of the fatty acids were modified. Most noticeable were the decreased levels of dodecanoate and hexadecanoate, which were also noted in wholecell fatty acid analyses of mutant Z61 (Table 1) , and the increased amounts of 2-hydroxydodecanoic acid. The presence of a further difference in the lipid A was also observed; that is, the appearance of a brownish coloration when Z61 LPS was hydrolyzed under a variety of conditions, including dilute acetic acid, but not after hydrolysis of K799 LPS. Unfortunately, we could obtain no other evidence for the presence of a compound unique to Z61 LPS by TLC, GLC, amino acid analyses, or infrared spectra. Indeed, the comparison of the infrared spectra of the lipid A molecules of mutant strain Z61 and wild-type K799 suggested that the Z61 LPS was in fact missing a component present in K799 LPS. Possibly the lack of a chemical modification of a component of the lipid A of strain Z61 may make this component acid labile, resulting in the observed brown color on acid treatment. It is tempting to speculate that such an alteration or the fatty acid changes are primarily responsible for the observed changes in phenotype, in particular the changes in susceptibility to antibiotics, outer membrane permeability, and leaky rough character of the Z61 LPS.
In the accompanying paper (1), evidence is provided that the antibiotic supersusceptibility of mutant Z61 is caused by an enhancement in outer membrane permeability which is proposed to be due to an increase in the number of open functional porin pores in Z61 compared with K799. Furthermore, evidence is provided that argues against a porin protein F alteration. In this paper, we have shown by qualitative sugar and whole-cell fatty acid analyses that the mutant Z61 and partial revertants have LPS alterations, the magnitude of which correlates with the changes in susceptibility to 12 antibiotics (1) and outer membrane permeability (1 We have provided two pieces of evidence in the accompanying paper (1) which support the idea of the ability of LPS to interact with outer membrane proteins and thus alter the surface properties of the cell. First, changes in phage susceptibility occurred in the LPS-altered mutant Z61 for phages which had surface receptors other than LPS. The LPS may therefore interact with porin and other proteins in such a way as to determine their orientation or surface exposure in the outer membrane. A similar conclusion was made from an extensive study of phage resistant, LPS-altered mutants of E. coli (16) . Second, the LPS of the mutant Z61 reacted differently with the lipoprotein I as seen on polyacrylamide gels. An interaction of LPS with porin and a modulation of the conformation of porin by LPS has been demonstrated in E. coli by Yamada and Mizushima, using X-ray diffraction as a tool (39) . Both the lipid and polysaccharide regions of LPS were thought to interact with the protein to determine the lattice conformation. From the results presented here, we suggest that LPS influences the conformation and hence the function of porin in the outer membrane of P. aeruginosa, perhaps ionically through charged phosphate groups or via hydrophobic interactions with acyl chains on lipid A residues, or both.
